Vazeille E, Codran A, Claustre A, Averous J, Listrat A, Béchet D, Taillandier D, Dardevet D, Attaix D, Combaret L. The ubiquitinproteasome and the mitochondria-associated apoptotic pathways are sequentially downregulated during recovery after immobilization-induced muscle atrophy. Immobilization produces morphological, physiological, and biochemical alterations in skeletal muscle leading to muscle atrophy and long periods of recovery. Muscle atrophy during disuse results from an imbalance between protein synthesis and proteolysis but also between apoptosis and regeneration processes. This work aimed to characterize the mechanisms underlying muscle atrophy and recovery following immobilization by studying the regulation of the mitochondria-associated apoptotic and the ubiquitin-proteasome-dependent proteolytic pathways. Animals were subjected to hindlimb immobilization for 4 -8 days (I4 to I8) and allowed to recover after cast removal for 10 -40 days (R10 to R40). Soleus and gastrocnemius muscles atrophied from I4 to I8 to a greater extent than extensor digitorum longus and tibialis anterior muscles. Gastrocnemius muscle atrophy was first stabilized at R10 before being progressively reduced until R40. Polyubiquitinated proteins accumulated from I4, whereas the increased ubiquitination rates and chymotrypsin-like activity of the proteasome were detectable from I6 to I8. Apoptosome and caspase-3 or -9 activities increased at I6 and I8, respectively. The ubiquitinproteasome-dependent pathway was normalized early when muscle stops to atrophy (R10). By contrast, the mitochondria-associated apoptotic pathway was first downregulated below basal levels when muscle started to recover at R15 and completely normalized at R20. Myf 5 protein levels decreased from I4 to I8 and were normalized at R10. Altogether, our results suggest a two-stage process in which the ubiquitin-proteasome pathway is rapidly up-and downregulated when muscle atrophies and recovers, respectively, whereas apoptotic processes may be involved in the late stages of atrophy and recovery.
difficulties in performing daily activities, and has detrimental metabolic consequences. The resulting weakness increases the incidence of falls and the length of recovery. Immobilization can result from this muscle weakness and itself produces further morphological, physiological, and biochemical alterations in skeletal muscle fibers.
Muscle protein loss results from an imbalance between protein synthesis and breakdown rates but also from an imbalance between apoptotic and differentiation-regeneration processes. The ubiquitin (Ub)-proteasome pathway is systematically activated when muscle atrophies extensively and is involved in the breakdown of the major contractile proteins. Basically, there are two main steps in the pathway: 1) covalent attachment of a polyUb degradation signal to the substrate and 2) specific recognition of the polyUb chain and subsequent breakdown of the targeted proteins by the 26S proteasome (2) . We and others have previously shown that hindlimb suspension induces atrophy and loss of protein of the rat soleus muscle as a result of an activation of the Ub-proteasome proteolytic pathway (5, 17, 39) . Similar observations were reported in muscles of rats exposed to spaceflight or denervation (20, 40) .
Immobilization induces also a reduction of myocyte number and a decrease of satellite cell activity (19, 31) , suggesting an activation of apoptosis. Apoptosis is a physiological mechanism involved in morphogenesis, the adjustment of cell number, the elimination of abnormal cells, and the regulation of the immune system and plays a key role in pathophysiological muscle cell loss. The degree of apoptosis depends on the balance between the activation of pro-and antiapoptotic genes. In general, shifts in this balance toward increasing proapoptotic genes activate a cascade of caspases and are believed to promote muscle atrophy. Two main apoptotic pathways have been involved in caspase activation. The extrinsic pathway is triggered by the activation of a family of death receptors at the cell surface and controls the activation of caspase-8. The intrinsic pathway is triggered by the release of killer proteins, such as cytochrome c and smac/Diablo, and is sensitive to intracellular stress, such as oxidative stress. In this latter pathway (also called mitochondrial apoptotic pathway), apoptosis is initiated by the release of cytochrome c from the mitochondria, which then forms a complex (called apopto-some) with the apoptotic protease activating factor-1 (Apaf-1), and the pro-caspase-9, leading to activation of caspase-9 and caspase-3 (25) . The mitochondria-associated apoptotic signaling is believed to be physiologically important in regulating disuse-induced muscle atrophy (1, 7, 9, 25, 33) . Evidence for apoptosis during disuse includes increases in the frequency of nuclei with DNA strand breaks and in the expression of proapoptotic genes, such as Bax, caspase 3, apoptosis-inducing factor, and Apaf-1 (7, 37) . In addition, an increased expression of genes involved in both Ub-proteasome-dependent proteolysis and apoptosis prevailed in human muscle biopsies following 48 h of immobilization (43) . However, the links between Ub-proteasome-dependent proteolysis and apoptosis during skeletal muscle atrophy are not fully understood.
Very few studies have investigated the mechanisms involved in muscle recovery following disuse. We previously showed that the Ub-proteasome dependent pathway is activated during the early stages of recovery following hindlimb suspension and completely normalized following 7 days of reloading (38) . Human skeletal muscle disuse atrophy and subsequent recovery are also linked to the regulation of the expression of the 20S proteasome subunits and the muscle-specific proteolytic genes MAFbx and MuRF1 (22) . Although these studies are important contributions to the literature, these alterations were mostly explored at the mRNA level. The role of apoptosis in skeletal muscle regeneration is totally unclear. Moresi et al. (29) reported that inhibition of caspase-3 improved muscle regeneration, and studies suggest that caspase-3 activity is required for the differentiation of C2C12 muscle cells (14) . In addition, apoptotic mechanisms are involved in the modulation of the myonuclear number during chronic unloading and reloading (32) . Therefore, we hypothesized 1) that the mitochondria-associated apoptotic pathway should be activated along the Ub-proteasome-dependent proteolysis in immobilized muscles and 2) that both systems could play a key role during muscle mass recovery following the muscle wasting period.
EXPERIMENTAL PROCEDURES
Animals. The present study was approved by the Animal Care and Use Committee at the Institut National de la Recherche Agronomique (INRA) and adhered to the current legislation on animal experimentation in France. Male Wistar rats aged 8 mo (Charles River Laboratories, L'Arbresle, France) were housed individually under controlled environmental conditions (temperature 22°C; 12-h dark period starting at 8 h), fed a basal diet ad libitum, and given free access to water. Macronutrient composition of basal diet was (in g/kg diet) 470 wheat flour, 152 casein, 100 sucrose, 134 lactose, 30 colza oil, 27 peanut oil, 3 sunflower oil, 35 AIN93 mineral mix, 10 AIN93 vitamin mix, and 35 cellulose. After a 3-wk adaptation period, rats were anesthetized with forene inhalation and subjected to unilateral hindlimb immobilization via an Orfit-soft plaque (Gibaud). The foot was positioned in plantar extension to induce maximal atrophy of the gastrocnemius and the soleus muscles (24) . Experiment 1 was performed to ensure that the muscles from the contralateral noncasted leg can be used as controls in all experiments. In that experiment, 8 rats were subjected to immobilization for 8 days and 16 rats were not casted. The noncasted rats were divided into two distinct control groups either fed ad libitum (n ϭ 8) or pair-fed to the group of casted rats (n ϭ 8). This experiment showed that muscle masses from the nonimmobilized leg of casted rats were not significantly different from those of ad libitum or pair-fed control noncasted rats. Therefore, the contralateral nonimmobilized leg of casted rats served as the control. In experiment 2, 40 rats were allocated into eight groups. Immobilization was imposed for 4 (I4), 6 (I6), or 8 (I8) days. For skeletal muscle recovery studies, casts were removed after 8 days of immobilization under anesthesia (forene inhalation) and animals were allowed to recover for 10 (R10), 15 (R15), 20 (R20), 30 (R30), and 40 (R40) days. At the end of the immobilization or recovery periods, animals were euthanized under pentobarbital sodium anesthesia (50 mg/kg ip). Hindlimb skeletal muscles [soleus, extensor digitorum longus (EDL), and tibialis anterior] were carefully dissected, weighed, and frozen in liquid nitrogen. Gastrocnemius muscles were also carefully excised and weighed. The central part of gastrocnemius samples was frozen in isopentane chilled at Ϫ196°C by liquid nitrogen for apoptotic nuclear measurements. The remaining muscle was finely pulverized in liquid nitrogen and stored at Ϫ80°C until further analyses.
Processing of the tissues and apoptotic nuclei measurements. Frozen sections were cut into 10-m-thick cross sections with a cryostat (Cryo-star HM560MV, Microm International). The DNA fragmentation of nuclei was monitored using a TUNEL (terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling) fluorescent detection kit (Roche Applied Science), according to the manufacturer's instructions.
Measurement of proteasome and apoptosome activities. Powder (150 mg) of gastrocnemius muscles from control and immobilized hindlimb at each time point was homogenized in 10 volumes of an ice-cold buffer (pH 6.5) containing 50 mM PIPES, 2 mM EDTA (pH 8.0), 1% 3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid (CHAPS), 5 mM DTT, and protease inhibitors (10 g/ml leupeptin, 10 g/ml pepstatin, 10 g/ml aprotinin, 2 mM PMSF) Extracts were centrifuged at 10,000 g for 20 min at 4°C. Equal amounts of each supernatant from immobilized or control extracts at the same time point were pooled and then centrifuged at 100,000 g for 1 h at 4°C. The resulting supernatants were concentrated on Ultracel-100 membrane (Ultra-15 Centrifugal Filter Units, Amicon) to enrich the preparation in proteasomes or apoptosome complexes, which exhibit high molecular mass (700 -1,400 kDa). Protein concentration of these concentrates was determined according to Lowry et al. (27) . Concentrated extracts were loaded onto 10 -40% sucrose gradients in a buffer containing 0.1% CHAPS, 20 mM HEPES, and 5 mM DTT. Samples were centrifuged at 100,000 g for 17 h at 4°C and gradients were separated in 500-l fractions.
Apoptosome complexes copurified with proteasomes on 10 -40% sucrose gradients (8) . The same fractions were therefore tested for the chymotrypsin-like activity of the proteasome or the apoptosomelinked caspase-9 activity by measuring the hydrolysis of the fluorogenic substrates succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-AMC) (Sigma) or N-acetyl-Leu-Glu-His-Asp-7-amino-4methylcoumarin (LEHD-AMC) (Biomol), respectively (4, 10). To measure the chymotrypsin-like activity of the proteasome, 15 l of each fraction was added to 60 l of medium containing 50 mM Tris (pH 8.0), 10 mM MgCl 2, 1 mM DTT, 2 U apyrase, and 300 M LLVY-AMC with or without the proteasome inhibitor MG132 (40 M, Affiniti). To measure the apoptosome-linked caspase-9 activity, 25 l of each fraction were diluted to 50 l with a buffer containing 20 mM HEPES (pH 7.4), 10 mM NaCl, 1.5 mM MgCl2, 20% glycerol, 0.1% Triton X-100, and 1 mM DTT (buffer A). Fractions were then incubated with 50 l of a reaction buffer (buffer B) containing 50 mM PIPES, 0.1 mM EDTA, 10% glycerol, 10 mM DTT, and 50 M of LEHD-AMC with or without the caspase-9 inhibitor N-acetyl-Leu-Glu-His-Asp-CHO (LEHD-CHO) (50 M, Biomol). Both activities were determined by measuring the accumulation of the fluorogenic cleavage product (methylcoumaryl-amide, AMC) using a luminescence spectrometer FLX800 (Biotek) during 45 min at 380-nm excitation wavelength and 440-nm emission wavelength. The chymotrypsin-like activity of the proteasome and the apoptosome-linked caspase-9 activity were measured by calculating the difference between arbitrary fluorescence units recorded with or without the specific inhibitors in the reaction medium. The final data were corrected by the amount of protein loaded onto the gradient. The time course for the accumulation of AMC after hydrolysis of the substrate in each fraction was analyzed by linear regression to calculate activities, i.e., the slopes of best fit of accumulated AMC vs. time.
Ubiquitination rates. Soluble proteins were extracted as described (10) . Briefly, powder (350 mg) of gastrocnemius muscles was homogenized in an ice-cold buffer containing 50 mM Tris ⅐ HCl (pH 7.5), 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 10 g/ml pepstatin A, and 10 g/ml leupeptin. The homogenates were centrifuged (10,000 g, 10 min, 4°C) and the resulting supernatants were centrifuged at 100,000 g for 60 min at 4°C. Protein concentration was determined as described (27) . The final supernatants were stored at Ϫ80°C until use. Rates of ubiquitination of tissue proteins were determined by a method slightly modified from our previous work (10) . Soluble proteins from gastrocnemius muscles were incubated at 37°C with a reaction buffer containing 50 mM Tris ⅐ HCl (pH 7.5), 1 mM DTT, 2 mM MgCl 2, 2 mM 5Ј-adenylylimidodiphosphate, biotinylated-Ub (2.5 mM, Tebu bio), and Ub aldehyde (4.5 mM, Boston Biochem) (34) . The reaction was stopped after 5 min by the addition of Laemmli buffer. Pilot studies showed that conjugation rates were linear for this period of time and that the concentration of biotinylated-Ub was in significant excess of any endogenous Ub. After incubation, Ub conjugates were then resolved from free Ub by SDS-PAGE on 10% gels and visually detected with a streptavidin/biotin detection kit (Novagen). High molecular weight biotinylated-conjugates were visualized on autoradiographic films (GE Healthcare), and the biotin-Ub bound to protein substrates was determined by densitometric analysis using the Image J software. The rates of ubiquitination were calculated by using the quantification of the accumulation of high molecular weight conjugates between 0 and 5 min and expressed as arbitrary units per minute.
Total caspase-3 and -9 activities. Caspase-3 and -9 activities were assessed on total cytosolic protein extracts. Powder (150 mg) of gastrocnemius muscles was homogenized in an ice-cold buffer A (see above) as described in Siu et al. (37) . Extracts were centrifuged at 1,500 g for 5 min at 4°C and the resulting supernatants were subjected to three further centrifugations at 3,500 g for 5 min at 4°C. The last supernatants were stored as total cytosolic protein extracts at Ϫ80°C. A protease inhibitor cocktail containing 104 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.08 mM aprotinin, 2 mM leupeptin, 4 mM bestatin, 1.5 mM pepstatin A, and 1.4 mM E-64 (Sigma) was added to a small part of these supernatants, which were then stored at Ϫ80°C for subsequent determination of protein levels for X-linked inhibitory apoptotic protein (XIAP) (see next paragraph). Protein concentration was determined according to Lowry et al. (27) . Caspase-3 and -9 activities were assessed by use of fluorogenic substrates. Briefly, 25 l of the total cytosolic protein extracts was diluted to 50 l with buffer A and incubated with 50 l of buffer B (see above) containing 50 M of Ac-Asp-Glu-Val-Asp-AMC (DEVD-AMC, Calbiochem) or LEHD-AMC for caspase-3 and -9, respectively. Reactions were performed with or without 50 M of inhibitors of caspase-3 N-acetyl-Asp-Met-Gln-Asp-CHO (DMQD-CHO, Calbiochem) or caspase-9 (LEHD-CHO). Caspase activities were determined by measuring the accumulation of AMC with a luminescence spectrometer FLX800 (Biotek) during 1 h at 380-nm excitation wavelength and 460-nm emission wavelength. The caspase-3 and -9 activities were measured by calculating the difference between arbitrary fluorescence units recorded with or without the specific inhibitors in the reaction medium. The final data were corrected by the amount of proteins. The time course for the accumulation of AMC after hydrolysis of the substrate was analyzed by linear regression to calculate activities, i.e., the slopes of best fit of accumulated AMC vs. time.
Western blot analyses. The abundance of the apoptosome complexes was assessed by measurements of the caspase-9 and the APAF-1 protein levels in the fractions containing the apoptosomelinked caspase 9 activity at I8. Forty l of these fractions were separated on 15 and 7.5% (wt/vol) acrylamide gels for caspase-9 and APAF-1, respectively, and transferred on polyvinylidene difluoride (PVDF) membranes (GE Healthcare). Antibodies against caspase-9 and APAF-1 (Cell Signaling) were used at 1:500 dilutions. The amount of protein levels for the antiapoptotic XIAP was assessed by immunoblotting on supernatants from the cytosolic protein extracts (see above). Fifty micrograms of total protein extract were separated on 7.5% acrylamide gels and transferred on PVDF membranes (GE Healthcare). Antibody against XIAP (Cell Signaling) was used at 1:1,000 dilution.
The accumulation of Ub protein conjugates was assessed by immunoblotting on myofibrillar protein extracts. Powder (150 mg) of gastrocnemius muscles was homogenized in an ice-cold buffer (buffer C) containing 5 mM Tris ⅐ HCl (pH 7.5), 5 mM EDTA, pH 8, 1 mM PMSF, 0.25 mM tosyl-lysylchloromethane, 5 mM N-ethyl-maleimide, 5 g/ml leupeptin, and 5 g/ml soybean trypsin inhibitor (10) . Homogenates were centrifuged for 5 min (1,500 g, 4°C) to pellet myofibrillar proteins, which were then washed three times in buffer C containing 1% Triton X-100. Myofibrillar proteins were then resuspended in 8 M urea/5 mM Tris ⅐ HCl (pH 7.5). Protein concentration was determined as described (27) . The accumulation of Ub-protein conjugates was measured on 25 g of myofibrillar proteins separated on 7.5% (wt/vol) acrylamide gels and transferred onto PVDF membranes. The FK1 antibody (Affiniti), which recognizes polyUb chains, was used at a 1:1,000 dilution.
The abundance of myf5 was assessed by Western blotting. Powder (100 mg) of gastrocnemius muscles from control and immobilized hindlimb at each time point was homogenized in 10 vol of lysis buffer containing 20 mM HEPES (pH 7.5); 25 mM ␤-glycerophosphate; 50 mM KCl; 0.2 mM EDTA; 0.5 mM sodium orthovanadate; 1 g/ml each of pepstatin, leupeptin, and antipain; 1 mM benzamidine; and 1 mM PMSF. After homogenization, 1% Triton wad added and the samples were subjected to freeze-thaw. The lysates were then centrifuged for 10 min at 16,000 g, and the supernatants were collected. Protein concentration was determined as described (27) . Fifty micrograms of total protein extract were separated on a 12% acrylamide gels and transferred on PVDF membranes (GE Healthcare). Antibody against myf5 (Santa Cruz Biotechnology) was used at 1/1,000 dilution. Signals were detected using the ECLϩ detection kit (GE Healthcare) after exposition onto radiographic film (Hyperfilm ECL, GE Healthcare).
Statistical analyses. All data are expressed as means Ϯ SE. Differences in muscle mass in experiment 1 were assessed by one-way ANOVA. In experiment 2, differences between control and immobilized muscles at each time point were assessed by paired Student's t-test. The evolution of the differences during the immobilization and the recovery periods in experiment 2 was determined by one-way ANOVA. Significance was defined at the 0.05 level. All tests were performed by using Statview (SAS Institute, Cary, NC).
RESULTS
Animal characteristics. Rats reduced their food intake by 30% (Fig. 1A) during the immobilization period, so that their body weight decreased by 12% at I8 (Fig. 1B) . After cast removal, food intake increased progressively and was normalized (ϳ20 g of dry matter intake) after R20. However, the animals did not recover their initial body weight even at R40.
To ensure that the nonimmobilized contralateral leg of the rats may be used as control in all experiments, muscle masses from both the immobilized and the nonimmobilized leg of casted rats were compared with those from noncasted animals. Table 1 shows that gastrocnemius and soleus muscle masses from the nonimmobilized leg of the casted rats were not significantly different from those of ad libitum or pair-fed noncasted rats. This indicates that muscles from the contralateral leg did not hypertrophy because of overloading and that the skeletal muscle atrophy at I8 reflected a loss of muscle mass in the immobilized leg. Therefore, muscles from the contralateral nonimmobilized leg were used as controls for all measurements.
Muscle atrophy and recovery. Hindlimb muscles atrophied progressively between I4 and I8 (Fig. 2 ). This atrophy reached 23% (P Ͻ 0.0005), 30% (P Ͻ 0.05), 11% (P Ͻ 0.05), and 16% (P Ͻ 0.05), (P Ͻ 0.05) at I8 for the gastrocnemius, the soleus, the EDL, and the tibialis anterior muscle, respectively. Thus the gastrocnemius and soleus muscles exhibited a greater atrophy at I8 than the tibialis anterior and EDL muscles.
After cast removal, the atrophy of the gastrocnemius, the soleus, and the EDL muscles first stabilized between I8 and R10. The atrophy of the gastrocnemius immobilized muscle remained significant until R30 vs. muscles from the noncasted leg (control muscles) ( Fig. 2A) . However, the level of atrophy was significantly reduced between I8 and R15 and a slow decrease prevails later on until R40. Similar observations prevailed for the soleus and the EDL muscles, although the degree of atrophy was diminished from R20 compared with I8 ( Fig. 2, B and C) . The kinetic of recovery was completely different in the tibialis anterior muscle (Fig. 2D ). Indeed, a large additional atrophy (ϩ97%, P Ͻ 0.05) of this muscle occurred between I8 (Ϫ17%, P Ͻ 0.05) and R10 (ϩ33%, P Ͻ 0.05). This induced a delay in the subsequent recovery. Indeed, the atrophy of the tibialis anterior muscle stabilized between R10 and R15 and decreased thereafter from R20 (P Ͻ 0.05, R10 or R15 vs. R20). However, the atrophy was still significant at R40 between the muscles from the casted and the noncasted leg and was reduced below I8 levels only at R40.
The kinetics of muscle mass recovery clearly depend on the disuse model. Indeed, the mass of gastrocnemius or soleus muscles was completely normalized in 1 or 2 wk of reloading after hindlimb suspension (23, 32, 38) . By contrast, castinduced immobilization is followed by a much longer period of recovery, with muscle mass accretion in the gastrocnemius starting only 2 wk after cast removal and being complete after 1 mo. Therefore, the study of the regulation of proteolytic and apoptotic pathways was performed by using time points flanking the gastrocnemius muscle mass stabilization and accretion stages.
Regulation of the Ub-proteasome dependent pathway. Previous studies suggest that the Ub-proteasome-dependent pathway was activated in several models of disuse based on mRNA or protein levels measurements (5, 17, 24, 38, 39, 44) . Therefore, the regulation of this particular pathway was assessed by measuring ubiquitination rates, the resulting accumulation of Ub conjugates and proteasome activities. Figure 3A shows that rates of ubiquitination increased by 50% (P Ͻ 0.05) at I6 and I8, remained slightly elevated at R10 (ϩ30%, P ϭ 0.06), and were completely normalized at R15 and R20 in gastrocnemius muscle from the immobilized leg compared with control muscle. Accordingly, immobilization induced an accumulation of Ub-protein conjugates from I4 (ϩ40%, P Ͻ 0.05), which remained elevated during the whole immobilization period (ϩ64% at I8, P Ͻ 0.05). The amount of polyubiquitinated proteins was normalized at R10 (Fig. 3, B and C) . In addition, Fig. 4A shows that the chymotrypsin-like activity of the proteasome measured after separation of the proteasome complexes on a 10 -40% sucrose gradient increased at I8 in immobilized muscles compared with controls. The global induction of the chymotrypsin-like activity of the proteasome was calculated for each time point and Fig. 4B shows that proteasome activity increased by 65 and 138% at I6 and I8, respectively, and was totally suppressed at R10 in muscles from the immobilized leg compared with control muscles.
Regulation of myogenic marker myf5 and apoptosis. Atrophy and recovery of muscles were associated not only with parallel modifications in the Ub-proteasome-dependent proteolytic pathway, but also with variations in regeneration and apoptosis processes. Myf5 is a one of the major transcription factors involved in muscle regeneration (14) and is considered as an early maker of satellite cells differentiation. Figure 5A shows that the protein levels of the myogenic marker myf5 decreased in gastrocnemius muscles during the whole immobilization period from I4 (Ϫ30%, P Ͻ 0.05) to I8 (Ϫ33%, P Ͻ 0.05) (Fig. 3A) . This was associated with a large increase in the number of apoptotic nuclei (ϩ97%, P Ͻ 0.0001) at I8 (Fig.  5B ). Myf5 protein levels were rapidly normalized to control values as soon as R10 (Fig. 5A) .
Regulation of the apoptotic mitochondrial pathway. Because of the implication of the apoptotic mitochondrial pathway in disuse-induced muscle atrophy (33) , further studies were performed on this pathway. Apoptosomes are complexes resulting from the association of caspase-9, cytochrome c, and APAF-1 Fig. 3 . Ubiquitination rates and ubiquitin-protein conjugates were rapidly increased and normalized when muscle atrophies and recovers, respectively. Rates of ubiquitination (A) were measured by using the soluble fraction of the gastrocnemius muscle. The formation of high molecular weight biotinylatedubiquitin (Ub) conjugates (HMWC) was followed as described in EXPERIMEN-TAL PROCEDURES. The diagram shows the induction or the repression of ubiquitination rates (i.e., the slopes of best fit of biotinylated-Ub bound to HMWC) between immobilized and control muscles. Accumulation of Ub conjugates (B) was assessed on 25 g of myofibrillar proteins by Western blotting using an antibody that recognizes specifically polyUb chains. Signals were quantified by using the Image J software and normalized against the amount of proteins (determined following Ponceau Red staining) to correct for uneven loading. Representative immunoblots are also shown (C). C, control; I, immobilized. Data are expressed as % difference from control leg and are means Ϯ SE (vertical bars) for n ϭ 5 rats per group. Differences between control and immobilized muscles at each time point were assessed via paired Student's t-test (*P Ͻ 0.05). The evolution of the differences during the immobilization and the recovery was determined by 1-way ANOVA. Bars with different letters are significantly different from each other (P Ͻ 0.05). molecules and are known to copurify on 10 -40% sucrose gradients with proteasome complexes (8) . We have adapted a method to measure the activity of the apoptosome on skeletal muscle extracts and showed that the apoptosome-linked caspase-9 activity increased in immobilized muscles compared with controls at I8 (ϩ112%) (Fig. 6A) . Figure 6B shows that the protein levels for APAF-1 and caspase-9 in fractions containing the apoptosome-linked caspase-9 activity increased in immobilized muscles at I8 compared with controls, suggesting an increase in apoptosome abundance. As in Fig. 4 , the global induction of the apoptosome-linked caspase-9 activity was calculated at each time point. Figure 6C shows that the apoptosome activity increased by 77 and 115% in immobilized muscles compared with control muscles at I6 and I8, respectively. The apoptosome activity was downregulated at R10, R15, and R20 by 28, 18, and 16%, respectively (Fig. 6C) . Figure 7A shows that the total activity of caspase-3 increased in immobilized muscles at I8 by 75% (P Ͻ 0.05), without any modification at I4 and I6. The increased caspase-3 activity, which still prevails at R10 (ϩ35%, P Ͻ 0.05) was, however, significantly reduced between I8 and R10 (Ϫ53%, P Ͻ 0.05). In addition, the caspase-3 activity was downregulated (Ϫ20%, P Ͻ 0.05) below basal levels at R15 and normalized at R20 (Fig. 7A) . The total activity of caspase-9 increased at I8 by 45% (P Ͻ 0.05), was suppressed at R10, slightly downregulated below basal levels at R15 and R20 (Ϫ20% and Ϫ15%, not significant), and normalized at R30 (Fig. 7B ). In addition, protein levels for the antiapoptotic protein XIAP decreased at I8 (Ϫ26%, P Ͻ 0.05) when caspase activities were activated, normalized at R10, increased at R15 (ϩ46%, P Ͻ 0.05) when caspase activities were downregulated, and almost normalized at R20 (ϩ28%, not significant) (Fig. 7C) .
DISCUSSION
This study aimed to characterize the mechanisms underlying muscle atrophy and recovery following immobilization. Our data demonstrate 1) that the mitochondria-associated pathway is activated concomitantly with increased Ub-proteasome proteolysis during immobilization and 2) that these two pathways are sequentially normalized during muscle recovery following disuse. We showed that after cast removal the Ub-proteasome pathway is rapidly normalized when muscle atrophy stabilized, whereas the mitochondria-associated apoptotic pathway is later downregulated when muscle recovers, suggesting that both pathways are implicated in efficient muscle recovery.
We report here that skeletal muscles quickly atrophy but slowly recover in rats subjected to unilateral hindlimb casting. This is clearly different from muscle mass recovery during reloading after hindlimb suspension (23, 32, 38) and is of Fig. 5 . Myogenic markers were repressed in gastrocnemius muscles during immobilization and rapidly normalized during recovery. Protein levels for Myf5 (A) were assessed by Western blotting as described in EXPERIMENTAL PROCEDURES. Signals were quantified and normalized against the amount of proteins (determined following Ponceau Red staining) to correct for uneven loading. Representative immunoblots are also shown. The number of apoptotic nuclei (B) were monitored on cross sections of gastrocnemius muscles at I8 by using a terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) fluorescent detection kit. Values are corrected with the total number of nuclei and expressed in % of apoptotic nuclei. Values are means Ϯ SE (vertical bars) for n ϭ 5 rats per group. *P Ͻ 0.05 vs. control muscles using the paired Student's t-test. Fig. 4 . Regulation of proteasome activity in muscles during immobilization and recovery periods. Proteins from pooled gastrocnemius muscles were separated onto a 10 -40% sucrose gradient. The chymotrypsin-like activity of the proteasome was then measured by using a fluorogenic substrate on the resulting fractions as described in EXPERIMENTAL PROCEDURES. The profiles show the slopes of best fit of relative fluorescence units (RFU) accumulated vs. time for the chymotrypsin-like activity of the proteasome in each fraction from immobilized and control gastrocnemius muscle extracts at I8 (A). These profiles were obtained at each time points of the immobilization or the recovery periods and the area under the curve was calculated to show the global induction or repression of the chymotrypsin-like activity of the proteasome in immobilized muscles (B).
obvious clinical interest since this may be more akin to disuse that follows fractures and bed rest-associated pathologies. The studied muscles did not atrophy to the same extent during immobilization and did not recover according to the same kinetics. In fact, EDL and tibialis anterior muscles atrophied less than gastrocnemius and soleus muscles after 8 days of immobilization. This observation may be explained in part by different fiber-type composition and position of immobilization between muscles. Immobilization decreases the percentage of type I fibers and increases the percentage of type II fibers (19) . Gastrocnemius and soleus muscles are composed of Fig. 7 . Muscle caspase-3 and -9 activities were upregulated during immobilization and downregulated during recovery before complete normalization. Caspase-3 (A) and total caspase-9 (B) activities were assessed on gastrocnemius muscle extracts using fluorogenic substrates as described in EXPERIMEN-TAL PROCEDURES. Protein levels for X-linked inhibitory apoptotic protein (XIAP; C) were assessed on 50 g of gastrocnemius muscle proteins by Western blotting as described in EXPERIMENTAL PROCEDURES. Signals were quantified and normalized against the amount of proteins (determined following Ponceau Red staining) to correct for uneven loading. Representative immunoblots are also shown. Data are expressed as % difference from control leg and are means Ϯ SE (vertical bars) for n ϭ 5 rats per group. Differences between control and immobilized muscles at each time point were assessed by paired Student's t-test (*P Ͻ 0.05). The evolution of the differences during immobilization and recovery was determined by 1-way ANOVA. Bars with different letters are significantly different from each other (P Ͻ 0.05). Fig. 6 . Regulation of apoptosome activity in muscles during immobilization and recovery periods. Apoptosome complexes copurify with proteasomes onto 10 -40% sucrose gradients. The apoptosome-linked caspase-9 activity was therefore assessed on the same fractions obtained from the proteasomes preparation (see Fig. 5 legend) by using a fluorogenic substrate as described in EXPERIMENTAL PROCEDURES. The profiles show the slopes of best fit of RFU accumulated vs. time for the apoptosome-linked caspase-9 activity in each fraction from immobilized and control gastrocnemius muscles extracts at I8 (A). The abundance of apoptosome was assessed by Western blots on the fractions that contain the peak of proteasome and apoptosome activities using caspase-9 and APAF-1 antibodies. Representative immunoblots are shown (B; *nonspecific signal). The profiles of apoptosome-linked caspase-9 activity were obtained for immobilized and control muscles at each time point of the immobilization or the recovery and the area under the curve was calculated to represent the global induction or repression of the apoptosome activity in immobilized muscles (C). mixed (I, IIA, and IIB) and oxidative (type I) fibers, respectively, whereas EDL and tibialis anterior muscles almost lack type I fibers. This may make gastrocnemius and soleus muscles more sensitive to the disuse-induced atrophy than EDL and tibialis anterior muscles. In our study, the animal leg was immobilized in plantar extension so that gastrocnemius and soleus muscles were held in a shortened position, whereas EDL and tibialis anterior muscles were held in a stretched position. The greater atrophy of the soleus and the gastrocnemius muscles observed in this work is in complete agreement with previous data (6, 16) , showing that muscle atrophy is greater when muscle are immobilized in a shortened position. A noteworthy difference also lay in the worsening of the tibialis anterior muscle wasting between I8 and R10, whereas the atrophy of the three other muscles stabilized within the same period. Immobilization induces an increased density of connective tissue (21) , which is accentuated when a stretched position is applied (28) . Thus the stretched tibialis anterior muscle may exhibit more extensive connective tissue damage compared with the shortened soleus or gastrocnemius muscles during immobilization. This may imply that these connective tissues should be removed immediately after cast removal and could explain the sustained tibialis anterior muscle atrophy between I8 and R10 before subsequent recovery can be initiated. Again, these observations support that the lengthening and shortening of the tibialis anterior/EDL vs. gastrocnemiussoleus muscle is a predominant factor for the extent of atrophy during immobilization but also for the worsening of the tibialis anterior muscle atrophy during early recovery.
An increased number of nuclei undergoing apoptosis and expression of proapoptotic genes including Bax, caspase-3, apoptosis-inducing factor, and APAF-1 prevail during disuse (13, 36; this study). We show here that the balance between apoptosis and differentiation-regeneration processes is altered during immobilization. Indeed, DNA fragmentation increased and the protein levels for the differentiation factor myf5 decreased at I8 in immobilized muscles. The number of apoptotic nuclei was measured on a cross section of the central part of the gastrocnemius muscle whereas the protein levels for myf5 were assessed on a homogenate of the remaining muscle. The gastrocnemius muscle being heterogeneous in fiber-type composition depending on the region considered, the increased apoptotic nuclei observed in the central part of the immobilized muscle at I8 may differ depending on fiber-type-specific alterations. Myf5 expression is greatly induced during satellite cell activation (12) . Therefore, our data suggest that the decrease of myf5 expression could result from a diminished capacity of satellite cells to differentiate following immobilization. In addition, the progressive decline in the satellite cell pool has been hypothesized to result from satellite cell apoptosis (18) . Thus we cannot exclude that the increased number of apoptotic nuclei referred to satellite cell undergoing apoptosis and that the decreased myf5 protein levels resulted from a decreased amount of satellite cells.
We also show, for the first time to our knowledge, that the mitochondrial apoptotic pathway was enhanced during immobilization. We indeed report an increased activity and assembly of this complex during immobilization, caspase-9 and APAF-1 protein levels being elevated in immobilized muscles compared with controls. In addition, protein levels for the proapoptotic molecule Smac/Diablo increased during immobilization (data not shown), whereas those for XIAP decreased. XIAP acts as an E3 ligase toward mature caspase-9 and Smac to control apoptosis (30) . Therefore, our data suggest that the levels of proapoptotic and antiapoptotic proteins shifted the balance of degeneration-regeneration processes to the entry into apoptosis during immobilization and likely contributed to skeletal muscle wasting. This study also shows that the mitochondria-associated apoptotic pathway was upregulated concomitantly with the Ub-proteasome-dependent system during immobilization. The activation of both proteolytic and apoptotic pathways suggest that these two processes may share common signals. Immobilization increases contributors to oxidative stress and is usually accompanied by the activation of inflammatory cells in skeletal muscle (3) , which could trigger increased proteasome-dependent proteolysis, apoptosis, and atrophy in skeletal muscle during immobilization.
The disuse-induced atrophy of the gastrocnemius muscles results from an activation of proteolysis but also from a decreased protein synthesis (16, 42) . The activation of proteolysis is in accordance with studies in human beings. A recent study showed that 3-methylhistidine content increased in muscle from men subjected to unilateral lower limb suspension (41) . Increased muscle mRNA levels for MuRF-1 or MAFbx/ atrogin1 also prevailed in humans during bed rest (35) or in complete diaphragm inactivity (26) . Our data also show that the recovery of the gastrocnemius muscle mass is still prevailing at R40 independently of adaptations in proteolysis and apoptosis. Indeed, gastrocnemius muscles were still atrophied at R20 while both Ub-proteasome-dependent and the mitochondria-associated apoptotic pathways were normalized. This implies that protein synthesis should be stimulated after R20 to allow muscle mass gain. This is in accordance with our previous observations showing that the remodeling of reloaded soleus muscles is characterized by increased protein synthesis in the late stages of recovery (38) . Altogether, these data indicate that manipulating both protein breakdown and protein synthesis should improve efficient muscle recovery.
We also report here that both the Ub-proteasome-dependent and the mitochondria-associated apoptotic pathways are sequentially regulated after cast removal, thus likely contributing to skeletal muscle recovery. The activity of the Ub-proteasome-dependent pathway was rapidly normalized when muscle atrophy was stabilized, whereas apoptotic processes were downregulated when muscle starts to recover before complete normalization only at 20 days of recovery. This sequential normalization of the Ub-proteasome-proteolytic and the mitochondria-associated apoptotic pathways suggests a possible cooperation to ensure proper muscle mass recovery. The early step would consist of stabilization of muscle atrophy through the normalization of proteolysis in immobilized muscles and the second step of muscle mass gain through the downregulation of apoptotic processes at R15. Indeed, apoptotic mechanisms have been suggested to be involved in the modulation of myonuclei number during chronic unloading and subsequent reloading in rats (32) but also during differentiation of C2C12 myoblasts (14) . This suggests that the regulation of the mitochondria-associated apoptotic pathway may be of major importance to initiate myogenesis and promote muscle recovery.
In conclusion, we have shown that the mitochondria-associated apoptotic pathway is activated concomitantly with the Ub-proteasome-dependent system during cast immobilization, suggesting that both pathways play a key role in skeletal muscle atrophy. We also demonstrate that these pathways are regulated during skeletal muscle recovery with a rapid normalization or even a downregulation below basal levels. Furthermore, our data suggest a two-stage process in which the Ub-proteasome-dependent pathway is first normalized and apoptotic processes are later sequentially downregulated and normalized during recovery following immobilization.
